A newly identified anaerobically expressed locus, aeg-46.5, which is located at min 46.5 on Escherichia coli linkage map, was cloned and analyzed. The phenotype of this gene was studied by using a lacZ operon fusion. aeg-46.5 is induced anaerobically in the presence of nitrate in wild-type and narL cells. It is repressed by the narL gene product, as it showed derepressed anaerobic expression in narL mutant cells. We postulate that aeg-46.5 is subject to multiple regulatory systems, activation as a result of anaerobiosis, narL-independent nitrate-dependent activation, and narL-mediated repression. The regulatory region of aeg-46.5 was identified. A 304-bp DNA sequence which includes the regulatory elements was obtained, and the 5' end of aeg-46.5 mRNA was identified. It was verified that the anaerobic regulation of aeg-46.5 expression is controlled on the transcriptional level. was discovered that aeg-46.5 is repressed by NarL. It showed high anaerobic expression in a narL mutant background. However, the phenotype of aeg-46.5 is unusual in comparison with the previously studied NarL-regulated systems. NarL repression was observed in the absence of added nitrate, and the derepressed level of expression in a narL mutant was much higher than that obtainable in wild-type cells. Second, this gene is induced by nitrate. From these observations, we postulate that aeg-46.5 is an anaerobically expressed locus which is negatively regulated by narL regardless of whether nitrate is present and that there is a second narL-independent system which activates aeg-46.5 expression in the presence of nitrate.
to, but divergent from, those of the eco gene.
Escherichia coli produces energy by breaking down a variety of carbon sources. It transforms the chemical energy of these sources into ATP. The most efficient means of generating ATP is through the use of oxygen as a terminal electron acceptor. If the oxygen supply is limited, E. coli seeks alternatives to oxygen or generates ATP through fermentation. Nitrate, trimethylamine-N-oxide, dimethyl sulfoxide, or fumarate can be used as a terminal electron acceptor instead of oxygen. The switch from aerobic to anaerobic physiology involves the turning on or off of many genes.
Studies of the genetic control of this switch have identified a locus, fizr, which is a regulatory gene whose product is required for the expression of enzymes for anaerobic respiration (22) . Thefnr gene product, FNR, activates the anaerobic expression of nitrate reductase (23) , dimethyl sulfoxide reductase (6) , and fumarate reductase (11) .
In addition to the basic aerobic/anaerobic regulatory switch exemplified by the FNR system, there exist other regulatory controls which establish a hierarchy of anaerobically expressed genes. For instance, the narL gene was found to encode a positive regulator for nitrate reductase (narGHJI) in response to the presence of nitrate (23) . During anaerobic growth, nitrate induces the nar operon about 100-fold through the action of narL. NarL also acts as a repressor for fumarate reductase (frdABCD), dimethyl sulfoxide reductase (dmsABC), and pyruvate formate lyase (pfl) synthesis when cells are cultured in nitrate-containing medium under anaerobic conditions (9, 12, 18) . In this way, the expression of anaerobic respiratory enzymes is controlled both to reflect the availability of electron acceptors and to favor the use of the most efficient alternative electron acceptor (24) .
An anaerobically expressed locus at min 46.5 on the E. coli linkage map, aeg-46.5, was identified by an operon fusion technique using the hybrid phage XplacMu53 (3) . was discovered that aeg-46.5 is repressed by NarL. It showed high anaerobic expression in a narL mutant background. However, the phenotype of aeg-46.5 is unusual in comparison with the previously studied NarL-regulated systems. NarL repression was observed in the absence of added nitrate, and the derepressed level of expression in a narL mutant was much higher than that obtainable in wild-type cells. Second, this gene is induced by nitrate. From these observations, we postulate that aeg-46.5 is an anaerobically expressed locus which is negatively regulated by narL regardless of whether nitrate is present and that there is a second narL-independent system which activates aeg-46.5 expression in the presence of nitrate.
The expression level of the chromosomal lacZ fusion to aeg-46.5 is 1,000 to 5,000 Miller units of 03-galactosidase when expression is derepressed by the mutation in the regulatory gene narL and cells are grown anaerobically in nitrate-containing medium, in comparison with an aerobic expression level in medium without nitrate of about 20 U. This 50-to 250-fold induction to yield high levels of expression makes the aeg-46.5-controlling elements an attractive promoter system for a protein expression vector because high-level induction would need only addition of nitrate and removal of oxygen. Because of its unique regulatory features and its possible usefulness, we have initiated an analysis of the aeg-46.5-regulatory elements. We have cloned the aeg-46.5 DNA from specialized transducing phage DNA. The upstream sequence was obtained, and the regulatory regions and 5' end of the mRNA were identified. By an analysis of the amount of mRNA, the anaerobic induction control was found to be on the transcriptional level. Computer analysis predicted possible control sites for NarL and FNR. The predicted NarL site was found to be a perfectly symmetrical sequence.
MATERIALS AND METHODS
Strains and plasmids. All E. coli K-12 strains, phage strains, and plasmids used in this study are listed in Table 1 . The construction of RZ4500W, RZ4546.5W, and their deriv- (17) . The indicator dye 5-bromo-4-chloro-3-indolyl-3-D-galactoside (XG; Sigma) was dissolved in NN-dimethylformamide and was added to final concentration of 40 ,ug/ml in agar medium. Antibiotics were added to final concentrations of 30 ,ug/ml for kanamycin, 15 ,ug/ml for tetracycline, and 50 ,ug/ml for ampicillin. Potassium nitrate was supplied at a final concentration of 10 mM when the nitrate effect was tested. For anaerobic growth, the agar plates were incubated in an anaerobic jar (BBL Microbiology Systems; Becton Dickinson and Co.).
UV induction and phage screening. The UV induction of XplacMu53 fusion phage in strain RZ4546.5W was done according to a previously described procedure (20) . The lysates were plated on XG-containing agar in a 1/100 dilution series with indicator cells. Well-separated blue turbid plaques were picked and purified. The resulting plaques were resuspended in 1 ml of phage dilution buffer, and the resuspended phages were used to test the phenotype of the phage. Three microliters of phage resuspension was spotted on an indicator E. coli strain on LB-XG agar. The differences of phenotype after aerobic versus anaerobic incubation and between indicator strains were observed after 24 h. P-Galactosidase assays. P-Galactosidase assays were performed as described previously by Miller (17) , using chloroform and 0.1% sodium dodecyl sulfate for permeabilization of cells. Anaerobiosis was accomplished as described previously (5) with a 95% nitrogen-5% carbon dioxide gas mixture.
Radioactive probe hybridization to miniset clones. The radioactive probes were prepared by nick translating the plasmids that have aeg-46.5 DNA. The probes were hybridized to a nylon paper (GeneScreen Plus nylon membrane; DuPont) that has fixed DNA of Kohara miniset clones (13) . Basic hybridization procedures were used as described previously (14) . The hybridization result was analyzed by using a radioactivity image processing machine (BetaScope 603 blot analyzer; Betagen Corp.).
DNA manipulation. Basic recombinant DNA procedures have been described previously (14) . Restriction enzymes and DNA-modifying enzymes were purchased from New England BioLabs or Promega Corp. Taq DNA polymerase, exonuclease III, and the SphI linker were from Promega Corp. The SphI linker has the sequence 5'-d(pGGCATG CC)-3' .
Plasmid pRZ4446 was constructed for the unidirectional deletion study by inserting the SphI linker into the NruI site of pRZ4434 as shown in Fig. 3 . The plasmid DNA preparation, which was the substrate for the deletion reaction, was pretreated with T4 DNA ligase in order to repair any nicks. Exonuclease III was used to degrade the DNA after SphI and SmaI double digestion. The degraded plasmids were made flush ended and ligated by treatment with S1 nuclease, Klenow fragment, and T4 DNA ligase. Resulting plasmids were electroporated into E. coli DH5a. This procedure for the construction of nested deletions is a modification of those described by Ausubel et al. (1) and Henikoff (8) .
Sequence data were obtained from deleted plasmids. Taq DNA polymerase was used for the sequencing reaction.
Primer extension experiment. From the sequence of the upper strand, we synthesized three 40-mer primers that will prime the polymerization of the bottom-strand DNA by annealing to the mRNA template. The sequences corresponding to these primers, 160U, 270U, and 380U, are shown in Fig. 5 . The primers were designed to hybridize to positions approximately 110 bases apart from each other. mRNA preparation and primer extension reactions were done according to previously described procedures (19 Screening for phages with the aeg-46.5-regulatory elements. We wanted to screen for phages that have the gene expression regulatory elements that are responsible for the high anaerobic expression of aeg-46.5. To identify these phages, we tested the anaerobic plaque phenotype of several phages and checked the anaerobic expression patterns of lysogens of candidate phages. The phage suspension obtained by UV irradiation was plated, and turbid blue plaques were collected. Phages from these plaques were tested for the anaerobic XG plaque phenotype on lawns composed of RZ4500W, RZ4500F, and RZ4500L, which are wild type, fnr, and narL strains, respectively. Four phages out of about 100 gave plaques with the expected pattern for aeg-46.5 expression, which is deeper blue on an RZ4500L lawn than on an RZ4500W lawn and very light blue on an RZ4500F lawn. These phages were designated XRZ4546.5-I, -J, -K, and -FW.
These four phages were further tested for their anaerobic lacZ gene expression properties by creating lysogens and then assaying the level of encoded g3-galactosidase. A strain which has the Ximm21 prophage XD69 was constructed. This strain, RZ4300W, was used to obtain lysogens of XRZ4546.5-I, -J, -K, and -FW through homologous recombination with the prophage. The lysogenic cells were selected on LB plates containing XG and kanamycin. Colonies that were blue and resistant to kanamycin were purified. The locations of the ARZ4546.5-I, -J, -K, and -FW prophages were checked by P1 transduction. Strains that have the XRZ4546.5 prophages linked to TnlO at 17.75 min were used for further studies. The selected strains were transduced to befizr or narL with P1 lysates prepared on a strain which has fnr-SOJ zcj::TnlO or narL215::TnlO. The lysogenic strains and their fnr or narL derivatives were compared for anaerobic 13-galactosidase expression on LB-XG-nitrate agar. All four phages showed the same pattern of anaerobic regulation as did the original fusion strain and its fnr and narL derivatives (RZ4546.5W, RZ4546.5F, and RZ4546.5L). The narL derivatives were dark blue, the wild types were less blue, and the fnr derivatives were the least blue (see Fig. 2 for a quantitative comparison).
Cloning of aeg-46.5 DNA into plasmid vectors. It was necessary to clone the aeg-46.5 DNA from the phage genomes into a plasmid vector in order to facilitate further analysis of this locus. The structure of the aeg-46.5 specialized transducing phage is presented in Fig. lb . The relevant EcoRI fragments of XRZ4546.5-J, -K, and -FW were purified and ligated with EcoRI-cut pMLB524 as shown in Fig. ic . The recombinant plasmids were named pRZ4433, -4434, and -4435, respectively (see Fig. 3 for structures) . The HindIIIEcoRI fragments which carry the aeg-46.5 sequences were subcloned into HindIII-and EcoRI-digested pGEM7Zf(+) by screening for white ampicillin-resistant colonies. They were named pRZ4428, -4429, and -4430, respectively. The 517-bp DNA sequence at the fusion point between aeg-46. DNA. This finding confirmed that the DNA contained in each plasmid is from same original construct and that no rearrangement occurred during phage excision.
Identification of Kohara library clone with aeg-46.5 DNA. The plasmids obtained by cloning the EcoRI fragment from the induced phages were used to locate the aeg-46. sults (Fig. 4) indicate that pRZ4460 is the plasmid which has the smallest extent of aeg-46.5 DNA with high-level-regulated lacZ expression and thus all of the cis-acting regulatory elements. The difference in size between pRZ4460 and pRZ4461 is just 105 bp. The deletion of this 105 bp of DNA in pRZ4461 must have removed part of the regulatory elements.
The assays described above were done both in the presence and in the absence of nitrate. The results for wild-type cells show that the dramatic increase of expression caused by the nitrate induction is also found when aeg-46.5 is encoded by a multicopy plasmid as opposed to single-copy chromosomal DNA (5). The assay results obtained from the cultures grown in medium without nitrate showed almost no anaerobic induction regardless of the narL genetic background of the strains.
Sequence of regulatory elements and upstream DNA for the aeg-46.5 locus. Sequencing of the aeg-46.5 DNA in pRZ4460, -4461, and -4463 was done by using a pBR322 EcoRI clockwise primer (Fig. 3) , which reads the upper strand of aeg-46. 5. The sequence data were confirmed by reading the bottom strand utilizing primers whose hybridization sites were spaced to cover most of the aeg-46.5 sequence as shown in Fig. 5 . These primers were designed from the upper-strand sequence information. They were also used in the primer extension experiments described below. We used Taq DNA polymerase and, as a template, denatured doublestranded plasmid DNA. As shown in Fig. 5 , 304 bp of sequence data were obtained from these three plasmids. The open reading frames are indicated under the DNA sequence. Identification of mRNA 5' ends. Three 40-mer primers were designed to use in a primer extension experiment in order to define the aeg-46.5 mRNA 5' ends. The sequences for these primers start 85 (160U), 195 (270U), and 306 (380U) bases downstream of the pRZ4461 deletion end point. Anaerobic cultures of narL cells containing pRZ4459, -4460, and -4461 were grown in M9-glucose-nitrate; an aerobic culture of cells containing pRZ4460 was also grown. About 6 ,ug of total RNA extracted from anaerobic cells and 47 ,ug extracted from aerobic cells were used for the primer extension reactions.
The results for primer 160U are displayed in Fig. 6 . Plasmids pRZ4459 and -4460 program the same mRNA species anaerobically. This mRNA has one major 5' end (at position 128 in Fig. 5 ) and a few minor 5' ends. Plasmid pRZ4461, which did not show anaerobic ,-galactosidase induction, did not produce these mRNAs. The aerobic culture of the pRZ4460-harboring cell gave major mRNA products which are three or four bases longer than the major anaerobic product (with 5' ends at positions 124 and 125). The primer extension products from primers 270U and 380U confirm these results (data not shown). Thus, there are no other major aeg-46.5-related mRNAs.
The amounts of cDNA corresponding to the major species of anaerobic and aerobic mRNAs were quantitated by using a radioactivity image processing machine. The counts for the major anaerobic mRNA species of pRZ4459 and -4460 in column a were 103 and 102 cpm. The major aerobic mRNA of pRZ4460 in column a gave 63 cpm. From these data and the amount of total RNA extract used for the primer extension reactions, we calculated the ratio of anaerobic to aerobic mRNA to be about 13:1. This ratio corresponds very well with the anaerobic induction ratio of plasmid-encoded aeg-46.5 in a narL mutant as shown in Fig. 4 .
Computer analysis of the aeg-46.5 sequence. DNA sequence similarity and amino acid sequence similarity searches were executed by using the data base search program Fasta. One sequence was found to have 95.4% identity with the 65 bp at the extreme upstream end of the aeg-46.5 sequence. This sequence is from upstream of the promoter for the E. coli eco gene (7, 15) . The orientations of these two sequences would be divergent from the overlapping region. The start point of similarity is indicated in Fig.  5 as eco. No other sequence with significant similarity to aeg-46.5 sequence was found. The amino acid sequences of the peptides which are from the open reading frames starting at position 148 (14 amino acids), 215 (31 amino acids), or 338 (64 amino acids) were used to search for similar peptides. No significant matches were found. aeg-46.5 is regulated by NarL and possibly by FNR; thus, the presence of sequences that may be responsible for NarL or FNR control were sought in the upstream sequences by using the search program Find, allowing some mismatches. The hexamer sequence pattern TACTCC was found to be responsible for NarL control of the narGHJI operon through a saturation mutagenesis experiment (6a). The consensus sequence of -35 and -10 regions was used to scan for possible &70 promoter sequences. A perfect -35 sequence was found at position 99, but this -35 sequence is too close to the transcription initiation site. There were three -10 consensus sequences starting at position 110 with one mismatch, at position 112 with two mismatches, and at position 115 with two mismatches. The -35 region that could be compatible with these -10 sequences is at position 90, and this -35 region has 14-, 16-, and 19-base spacing with each -10 sequence.
DISCUSSION
The anaerobically expressed locus aeg-46.5, which was identified by an operon fusion technique using random phage insertion, was partially cloned and analyzed on the DNA level. The aeg-46.5 DNA was first obtained as part of the genomes of illegitimately excised phages. The phages were screened for whether they carried the aeg-46.5-regulatory element by using indicator strains that showed different phenotypes of aeg-46.5 because of mutation of the regulatory protein in each strain. It was demonstrated that the phage plaques could be screened for the anaerobic regulatory phenotype of their fusion constructs.
The DNA from the aeg-46.5 locus has been cloned from the specialized transducing phage into a plasmid vector. These plasmids were used to identify which clone of the The pattern of aeg-46.5 expression when encoded by a multicopy plasmid is similar in many respects to that found for the chromosome fusion. The maximal level of expression (in a narL background when grown anaerobically in the presence of nitrate) encoded by a multicopy plasmid is 20-fold higher than that encoded by the chromosome fusion. This enhanced expression approximates the plasmid's copy number. This finding indicates that no factor required for the derepressed expression of aeg-46.5 is lacking in the multicopy situation. The plasmid-encoded aeg-46. 5 also responds to the presence or absence of oxygen, nitrate, and narL, although the patterns of the nitrate and narL responses differ somewhat from the single-copy situation. The most obvious difference is that the derepression effect of the narL mutation was not manifested in the absence of exogenous nitrate. The second difference is that the nitrate induction in the wild-type cells is more obvious. Third, the anaerobic/aerobic induction ratios are less dramatic. We do not have explanations for these results.
The observation that aeg-46.5 responds to the presence of nitrate in the absence of a functional narL product and also responds to the presence of the narL product leads us to postulate that aeg-46.5 is controlled by two independent nitrate-related regulatory systems. It is known that the genes for some fermentative enzymes are repressed by nitrate independently of narL, although the components of this regulatory system are unknown. Perhaps aeg-46.5 is under the control of this system.
The deletion study identified the upper boundary of the regulatory region required for anaerobic control. The identification of the major 5' end of the mRNA made it possible to locate the regulatory region to about 150 bp of obtained sequence. Within this region are several possible regulatory sites. One possible narL control sequence with a 1-bp mismatch was discovered. This sequence is within a perfectsymmetry element. There is no other case reported that implies that NarL might act on a symmetrical sequence. Further studies on this possible NarL site may lead to new insight into the nature of NarL regulation. The symmetry of this site could lead to an explanation for the differences in NarL regulatory pattern between previously studied NarLregulated genes and aeg-46.5. The symmetric sequence overlaps with two bases of the -35 region. A simple hypothetical explanation for NarL repression of aeg-46.5 could be that NarL binding on this symmetric sequence blocks the access of RNA polymerase to the -35 region of the aeg-46.5 promoter.
aeg-46.5 is known to respond to the presence of FNR for anaerobic expression. Thus, we have looked for the presence of a possible FNR binding site. The FNR binding site search gave several possible FNR control sites. All of these sites have the highly conserved second T base, but the conserved four-base spacing between symmetric parts is found only in the one sequence that starts at position 9. The FNR control site is expected to be about 40 to 60 bases away from the transcription initiation site. The putative FNR control site at position 56 which has one half-perfect consensus sequence and two bases matching the other half site is in this expected location. It has its center 64.5 bases away from the transcription initiation site.
The upstream sequence associated with the E. coli eco gene (7, 15) overlaps by 65 bp with the sequence reported here. However, we found three differences between our sequence data and those previously reported. Though there are several anaerobically regulated genes which are related to protease activity (10, 16) , it is not known whether the ecotin gene is regulated by anaerobiosis.
We found three possible -10 regions. It is possible that anaerobic and aerobic mRNAs are programmed from different -10 regions which give different 5' ends to the mRNAs. Maybe the anaerobic and aerobic switches involve a choice of -10 region. The mRNA measurements were found to be compatible with the anaerobic induction ratio, which indicates that the anaerobic induction control is mainly on the transcriptional level. How the transcriptional controls occur remains to be determined.
